Polycomb protein histone methyltransferase enhancer of Zeste homologe 2 (EZH2) is frequently overexpressed in human malignancy and is implicated in cancer cell proliferation and invasion. However, it is largely unknown whether EZH2 has a role in modulating DNA damage response. Here, we show that EZH2 is an important determinant of cell fate decision in response to genotoxic stress. EZH2 depletion results in abrogation of both cell cycle G1 and G2/M checkpoints, directing DNA damage response toward predominant apoptosis in both p53-proficient and p53-deficient cancer cells, but not in normal cells. Mechanistically, EZH2 regulates DNA damage response in p53 wild-type cells mainly through transcriptional repression of FBXO32, which binds to and directs p21 for proteasome-mediated degradation, whereas it affects p53-deficient cells through regulating Chk1 activation by a distinct mechanism. Furthermore, pharmacological depletion of EZH2 phenocopies the effects of EZH2 knockdown on cell cycle checkpoints and apoptosis. These data unravel a crucial role of EZH2 in determining the cancer cell outcome following DNA damage and suggest that therapeutic targeting oncogenic EZH2 might serve as a strategy for improving conventional chemotherapy in a given malignancy.
Following DNA damage, mammalian cells activate cell cycle checkpoint mechanisms to induce cell cycle arrest and protect cells from apoptosis. 1 The interconnections between the pathways regulating the cell cycle checkpoints and apoptosis dictate the cellular outcome to DNA damage, 2 but whether these pathways are differentially regulated by oncogenic lesions in tumor cells to allow cancer-specific perturbation is poorly understood. Inhibition of key cell cycle checkpoint regulators such as cyclin-dependent kinase inhibitor p21 and Chk1/2 have been shown to increase the sensitivity to DNA damage in p53-proficient or p53-deficient cancer cells, respectively. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] A treatment strategy to simultaneously abrogate both G1 and G2/M checkpoint and thus sensitizing both p53 wild-type and mutant tumors has yet to be developed.
Polycomb protein enhancer of Zeste homologe 2 (EZH2) is a histone methyltransferase that is frequently overexpressed in a wide variety of human malignancies, 15, 16 and is implicated in cell proliferation, invasion and metastasis. [17] [18] [19] [20] [21] [22] [23] [24] [25] Mechanistically, the oncogenic function of EZH2 has been attributed to associated histone H3 with trimethylated lysine 27 (H3K27Me3), leading to transcriptional repression of tumor suppressor genes, including p16(INK4a) and p19(ARF), 26 E-cadherin, 19 adrenergic receptor-b2, 27 RUNX3, 20 p57 (also called CDKN1C), 21 Bim 28 and DAB2IP. 23, 24 As such, EZH2 is emerging as a crucial regulator of cell fate by affecting multiple signaling pathways. It is not clear, however, whether EZH2 overexpression in cancer cells has a role in affecting cellular response to DNA damage. This study investigated the role of EZH2 and associated epigenetic mechanism in regulating DNA damage checkpoints and apoptosis.
EZH2 depletion in cancer cells directs DNA damage response toward apoptosis by abrogating cell cycle checkpoints. To assess a potential role of EZH2 in DNA damage response, we depleted EZH2 by RNA interference in p53 wild-type osteosarcoma U2OS and colon cancer HCT116 cells, and treated the cells with DNA-damaging agents adriamycin (ADR) or etoposide (ETO). Although the control cells under above drug treatments exhibited mainly cell cycle arrest at both G1 and G2/M phase, EZH2 knockdown cells exhibited a marked decrease in G1 arrest at 24 h, followed by a loss of G2/M arrest and a robust increase of apoptosis at 48 h ( Figure 1a and Supplementary Figure S1a ). In addition, EZH2 knockdown also converted ADR-induced cell cycle arrest to apoptosis in p53-deficient cancer cells, including osteosarcoma Saos-2, colon cancer HCT116 p53
À/À and lung cancer H1299 cells ( Figure 1b and Supplementary Figures S2a and S2c). Thus, EZH2 knockdown abrogates DNA damage-induced cell cycle arrest and promotes apoptosis in both p53-proficient and p53-deficient cancer cells.
EZH2 depletion abolishes both DNA damage-induced p21 and Chk1 activation. We next investigated the effects of EZH2 depletion on DNA damage checkpoint pathways in both p53 wild-type and p53-deficient cells. Western blot analysis in U2OS and HCT116 cells revealed that EZH2 depletion largely abolished ADR-or ETO-induced p21 accumulation, but had no effect on p53 itself (Figure 2a and Supplementary Figure S1b) or expression of other p53 targets known to be involved in cell cycle arrest or apoptosis (Gadd45, Puma, Noxa or Pig3; Supplementary Figure S1c ). EZH2 depletion also diminished DNA damage-induced Chk1 phosphorylation, but had no obvious effect on Chk2 phosphorylation (Figure 2a and Supplementary Figure  S1b) . Consistent with increased apoptosis and loss of DNA damage checkpoints in EZH2-depleted cells, we observed increased poly (ADP-ribose) polymerase (PARP) cleavage and H2AX phosphorylation (Figure 2a and Supplementary Figure S1b) . In p53-deficient Saos-2 HCT116 p53 À/À and H1299 cells, attenuated Chk1 phosphorylation by DNA damage, accompanied by enhanced PARP cleavage and H2AX phosphorylation, was also observed (Figure 2b , Supplementary Figures S2b and S2d). These effects of EZH2 on DNA damage-mediated p21 induction and Chk1 activation are in agreement with known roles of p21 and Chk1 in inducing G1 and G2/M checkpoints, respectively, and protecting DNA damage-induced apoptosis. 4, 9, 13, 29 The specificity of EZH2 knockdown was further confirmed by another EZH2 small interfering RNA (siRNA#2) that targets the 5 0 -untranslated region of EZH2 mRNA (Figure 2c ). This siRNA is unable to silence the ectopic EZH2 and was thus used for the below rescue experiments. Indeed, the loss of induction of both p21 and p-Chk1 by ADR in EZH2-depleted cells, as well as the corresponding changes in G1 arrest and apoptosis, was markedly restored by ectopic EZH2, but not by a deletion mutant lacking the catalytic SET domain (EZH2D) that is required for histone H3K27me3 (Figures 2d-f) . These findings substantiate a crucial role of EZH2 in conferring cell cycle arrest rather than apoptosis during DNA damage in cancer cells, and this function of EZH2 requires the SET domain, which is essential for its gene silencing activity. 22 Of note, p21 protein downregulation was not due to a decrease in p21 mRNA level (Figure 2g) , and was restored upon treatment with proteasome inhibitors (Figure 2h ). This indicates a post-translational regulation of p21 in this context, which involves a proteasome-dependent protein degradation mechanism. In contrast, the reduced Chk1 activation does not seem to be regulated by such a mechanism (Figure2h).
EZH2 depletion results in induction of FBXO32, a target directly suppressed by EZH2 in multiple human cancer cells. Given the well-known role of p21 in determining the cellular sensitivity to DNA-damaging agents 3, 4, 7, 9, 13, 14, 30 and its potential post-translational regulation in the above EZH2 context, we sought to focus on p21 and to identify EZH2-repressed genes that are potentially involved in regulating p21 protein turnover, and thereby affecting cellular response to DNA damage. We performed EZH2 knockdown in HCT116 and MCF7 cells, and identified 80 genes that were upregulated upon EZH2 depletion in both cell lines (Figure 3a and Supplementary Table S1; using threefold cutoff). To determine whether these potential EZH2 targets are also downregulated in clinical samples, we performed expression analysis of this gene set in 24 pairs of patientderived primary colon tumor samples and matched normal controls. In all, 12 out of 80 genes were found to be downregulated in tumor samples as compared with normal controls (Figure 3b ). Among these clinically relevant EZH2 targets was FBXO32, a member of F-box protein family, known to have a role in binding to and directing its protein substrates for proteasome-mediated degradation, 31, 32 whereas the other targets do not seem to have annotated roles in protein degradation. Moreover, EZH2 expression is inversely correlated with FBXO32 expression in the clinical samples, but not with its close family member FBXO31 (Figure 3c and Supplementary 33 In addition, FBXO31 is known to have a role in modulating DNA damage response by inducing cyclin D1 degradation. Thus, it seemed possible that the induction of FBXO32 upon EZH2 knockdown is responsible for the p21 protein degradation in DNA damage response.
Before exploring a potential role of FBXO32 in p21 regulation, we first wanted to validate whether FBXO32 is directly repressed by EZH2 in multiple cancer cells. Quantitative real-time PCR and western blot analysis confirmed a selective induction of FBXO32 (but not FBXO31) upon EZH2 knockdown in multiple human cancer cell lines (Figures 3d and e). Chromatin immunoprecipitation (ChIP) assay shows that EZH2 and H3K27me3 were markedly enriched in the FBXO32 promoter in HCT116 (Figure 3f ), U2OS and MCF7 cells, but not in non-cancerous MCF10A cells (Figure 3g ), and EZH2 knockdown resulted in reduced EZH2 and H3K27me3 enrichment at FBXO32 promoter (Figure 3h ), demonstrating a direct repression of FBXO32 by EZH2 in cancer cells, but not in non-transformed cells. Accordingly, an inverse correlation between EZH2 and FBXO32 expression was observed in MCF7 and MCF10A cells (Figure 3i ). Collectively, these findings identify FBXO32 as a bona fide direct target of EZH2 in multiple human cancers.
Induction of FBXO32 following EZH2 depletion is required for p21 degradation during DNA damage. To validate a hypothetical role of FBXO32 in p21 protein regulation, we performed single or double knockdown of EZH2 and/or FBXO32 in U2OS, HCT116 and MCF7 cells. In U2OS cells, diminished p21 resulting from EZH2 knockdown during DNA damage was substantially restored by concomitant knockdown of FBXO32 (Figure 4a ), which was accompanied by a marked rescue of G1 arrest (Supplementary Figure S3) and apoptosis ( Figure 4b ). Downregulation of p-Chk1, however, was not restored by concomitant FBXO32 knockdown, indicating a selective effect of FBXO32 toward p21 but not Chk1. A similar result was also found in HCT116 and MCF7 cells in which FBXO32 was knocked down by an shRNA targeting a different sequence (Figures 4c-e) . These findings revealed a crucial role of FBXO32 in p21 downregulation following EZH2 knockdown and DNA damage in cancer cells. In noncancerous MCF10A cells where FBXO32 is not silenced, EZH2 knockdown did not further increase FBXO32 expression, and thus did not affect ADR-induced p21 induction ( Figure 4e) . Thus, the effect of EZH2 knockdown on FBXO32 induction and subsequent abolishment of p21 protein accumulation during DNA damage response seemed to be cancer specific. We next evaluated whether ectopic expression of FBXO32 would mimic the effects of EZH2 knockdown on p21, G1 arrest and apoptosis. Overexpression of FBXO32 in HCT116 cells resulted in inhibition of p21 induction by ETO and ADR, orchestrated by increased PARP cleavage, but had no effect on p-Chk1 (Figure 4f ). FBXO32-overexpressing cells synchronized in mitosis with nocodazole (400 nM), which blocks exit from mitosis, showed reduced arrest in G1 phase after ADR treatment as compared with vector control cells ( Figure 4g ). As expected, FBXO32-overexpressing HCT116 cells were much more sensitive to ADR-or ETO-induced apoptosis (Figure 4h ). By contrast, FBXO32 overexpression in p53 À/À HCT116 cells did not give rise to a similar sensitization to ADR or ETO (Figure 4h ). Moreover, consistent with a role of FBXO32 in downregulating p21, HCT116 cells depleted of p21 by shRNA were much more sensitive to ADR or ETO treatment, and ectopic expression of FBXO32 in these cells did not further increase the magnitude of apoptotic response to ADR or ETO (Figure 4h ). In summary, these data suggest that FBXO32-induced p21 downregulation is a key functional target of EZH2 knockdown, which has a crucial role in causing p53 wild-type cancer cell fate switch in response to DNA damage. FBXO32 interacts with p21 to induce p21 protein degradation in the F-Box and ubiquitin-independent manner. F-box proteins are known to induce substrate degradation through protein-protein interaction. 31 We therefore investigated a potential interaction between FBXO32 and p21 by coimmunoprecipitation assay. Myctagged FBXO32 and/or V5-tagged p21 were transiently expressed in human embryonic kidney 293 (HEK293) and HCT116 cells in the absence or presence of proteasome inhibitor MG132. As expected, coexpression of FBXO32 caused a downregulation of exogenous p21, which was restored in the presence of MG132 (Figure 5a ). We detected a clear interaction between exogenous FBXO32 and p21, which was further enhanced by MG132 (Figure 5a ) In addition, we detected an endogenous interaction between the two proteins in ADR-treated HCT116 cells after EZH2 knockdown in the presence of MG132 (Figure 5b ). These data demonstrate that FBXO32 physiologically interacts with p21 and induces p21 degradation. To identify the functional domain of FBXO32 required for p21 degradation, we performed a series of FBXO32-depletion experiment analysis (Figure 5c ). Unexpectedly, EZH2 mutant lacking the F-box (FBXO32DF) remained active in causing p21 degradation (Figure 5c ), suggesting that the F-Box is not required for p21 degradation. Moreover, unlike the C-terminal deletion mutant DC (272-355), which was able to induce p21 degradation, FBXO32 lacking the N-terminal domain (1-50) was unable to induce p21 degradation (Figure 5c ), suggesting an important role of N-terminal domain (1-50) in p21 degradation. Consistent with this finding, we found that FBXO32DF remained to interact with p21, whereas FBXO32DN (1-50) was unable to bind to p21 (Figure 5d ). Consistent with a lack of F-box involvement in p21 degradation, we found that ectopic FBXO32 expression did not result in ubiquitination of p21, as assessed via coexpression of hemaglutinin (HA)-tagged ubiquitin (Supplementary Figure S4) , nor did we detect Skp1 and Cul1, the components of SCF ubiquitin ligase in the FBXO32-p21 complex (data not shown). Thus, FBXO32 induces p21 degradation via an ubiquitinindependent but proteasome-dependent mechanism; such a mechanism has been previously described for p21 degradation in other contexts. 34, 35 In agreement with a crucial role of Nterminal domain (1-50) of FBXO32 in p21 degradation, FBXO32DN(1-50) was unable to abolish ETO-induced p21 induction and did not promote apoptosis induction by ETO or ADR, whereas FBXO32DF and FBXO32DC(272-355) retained that function (Figures 5e and f) . Taken together, these findings demonstrate that the interaction between FBXO32 and p21, which is mediated by its N-terminus, but not the F-box, is critical for p21 degradation in an ubiquitin-independent manner.
Pharmacological depletion of EZH2 phenocopies EZH2 knockdown in modulating DNA damage response. Thus, so far, we have demonstrated an epigenetic mechanism of EZH2 in regulating cellular response to DNA damage induced by genotoxic agents. We next tested whether this finding can be translated into a viable treatment strategy to improve chemotherapeutic response. We have previously shown that histone methylation inhibitor DZNep can deplete EZH2 complex, resulting in reactivation of genes suppressed by EZH2 in cancer cells. 33 Therefore, we investigated whether DZNep treatment would mimic EZH2 knockdown and give rise to similar effects. As noted in Figure 6 Figure S5g) . In contrast, DZNep did not promote ADR-or ETO-induced apoptosis in non-transformed MCF10A, IMR90 and RWPE cells (data not shown). Again, DZNep-induced p21 protein downregulation was not a result of decreased p21 mRNA (Supplementary Figure S5g) , and was also prevented by MG132 treatment (Figure 6f) . Importantly, this effect of DZNep in HCT116 cells was largely abolished when FBXO32 was knockdown (Figures   6g and h ), further confirming a crucial role of FBXO32 in DNA damage-induced apoptosis following EZH2 depletion. Thus, pharmacological depletion of EZH2 by DZNep phenocopied the effects of genetic knockdown of EZH2 on FBXO32, p21, cell cycle checkpoints and apoptosis in DNA damage response. Although DZNep may not be a specific EZH2 inhibitor, it provides a proof of principle that specific smallmolecule inhibitor of EZH2, when available, may provide therapeutic benefits if combined with standard chemotherapy for cancer patients carrying EZH2 overexpression.
Discussion
Our data provide the first demonstration that EZH2-mediated gene silencing in cancer cells has an important role in determining the cellular outcome in response to DNA damage. A striking finding is that inhibition of EZH2 abrogates both G1 and G2/M checkpoints and promotes DNA-damaging agentinduced apoptosis in both p53 wild-type and p53-deficient cancer cells (Figure 6i) . Thus, these findings bear important implications for cancer treatment and indicate that therapeutic inhibition of EZH2 might appeal as an attractive approach to sensitize standard chemotherapy for cancers that overexpress EZH2. These findings point to a potential application of
Input IP Myc Mechanistically, this effect of EZH2 on p53 wild-type cancer cells is mainly mediated through suppression of FBXO32-directed p21 degradation to maintain the cell cycle arrest rather than apoptosis in response to DNA damage. Also, p21 level is well known to be crucial in determining cellular sensitivity to DNA-damaging agents. 3, 8, 13, 36, 37 Therefore, manipulation of p21 level seems to be a feasible approach for modulating chemotherapeutic response. 30 For example, pharmacological inhibition of p21 protein translation using mTOR inhibitor RAD001 has been shown to be effective in converting DNA damage-induced p53 response from growth arrest to apoptosis.
14 Hence, identification of EZH2-mediated FBXO32 repression in DNA damage-induced cell cycle checkpoint control through regulation of p21 stability suggests an epigenetic mechanism, regulating DNA damage response that can be targeted to augment chemotherapeutic response. Importantly, repression of FBXO32 by EZH2 is cancer specific, as such, therapeutic targeting EZH2 that is often overexpressed in human cancer is expected to result in selective sensitization in cancer cells, with a minimum effect on normal cells.
In addition to the effect on p21, EZH2 knockdown also abolishes Chk1 phosphorylation in response to DNA damage. Genetic or small-molecule inhibition of Chk1 phosphorylation is known to induce chemosensitization selectively in p53-mutant cancer cells. 5, 29, [38] [39] [40] This is correlated with the abolished G2/M arrest and increased apoptosis in p53-deficient cancer cells upon EZH2 knockdown. However, this effect of EZH2 on Chk1 is not related to FBXO32, as neither FBXO32 knockdown nor overexpression has any effect on Chk1 phosphorylation. So, the regulation of EZH2 on Chk1 appears to be mediated through a distinct mechanism. Further investigation of the molecular mechanisms is likely to provide additional insights into epigenetic regulation of DNA damage response.
Given the toxic side effect of chemotherapy, any sensitizer that can direct even a mild DNA damage response toward an apoptotic program would have the potential to enhance the efficacy of DNA-damaging chemotherapeutic agents and reduce the toxic effects. 41, 42 As EZH2 depletion simultaneously abolishes both DNA damage-induced G1 and G2/M checkpoints, therapeutic targeting EZH2, as demonstrated here as a proof of concept using DZNep, in combination with standard chemotherapy, may provide a unique advantage over the existing approaches for treatment of cancer patients carrying wild-type or mutant p53. Furthermore, given a potential role of EZH2 or PRC2 in maintenance of cancer stem cells 43, 44 and a recent finding showing that DNA damage-activated p21 is required for self-renewal of leukemia stem cells, 45 EZH2 inhibition might also have the potential for overcoming chemoresistance phenotype typically seen in cancer stem cells, and thereby preventing tumor recurrence after chemotherapy. 
Materials and Methods
Cell culture and drugs. The human colorectal cancer HCT116 cells and its derived isogenic p53 À/À HCT116 cells were kindly provided by Dr. Bert Vogelstein (John Hopkins University, MD, USA). Other cell lines used in this study, including human osteosarcoma U2OS and Saos-2, lung caner H1299, breast cancer MCF7 and HEK epithelial 293 cells, were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and antibiotics in a 371C humidified incubator containing 5% CO 2 . Human breast epithelial MCF10A cells were obtained from ATCC and maintained, as recommended. 47 adramycin (ADR), etoposide (ETO), nocodazole (Noco), proteasomal inhibitors MG132 and MG115 were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Plasmids and stable cell lines. pcDNA4/FBXO32-Myc was generated by real-time PCR using total RNA from normal colon tissue. Retroviral-mediated gene transfer was performed using pMN-GFP/IRES retrovirus vector-expressing FBXO32. Infected cells were sorted by GFP signals and expanded for in vitro studies. EZH2 wild-type and SET domain deletion mutant (EZH2D) plasmids and HA-tagged ubiquitin expression plasmid have been described previously, respectively. 28, 48 The full-length human FBXO32 was used as a template to generate FBXO32 deletion mutations. All constructs were confirmed by sequencing.
RNA interference. Specific siRNA oligos targeting EZH2 and FBXO32 mRNAs were described previously. 28, 33 The non-targeting control was purchased from Dharmacon (Lafayette, CO, USA). For EZH2 knockdown, cells were sequentially transfected two times at 24 h interval to secure efficient gene silencing. Cells were transfected with 100 nM final concentration of siRNA duplexes using Lipofectamine RNAiMax (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions. To generate FBXO32 shRNA stable cell lines, siRNA oligos targeting FBXO32 (sequence: CAGAAGATTATATGGCGCGAA) were cloned into the pSIREN-RetroQ retroviral expression vector (BD Bioscences, Rockville, MD, USA) according to the manufacturer's instruction. Virally infected cells were selected in a medium containing 2 mg/ml puromycin. Individual drug-resistant clones were collected and expanded.
